The mitochondrial ATP synthase inhibitor protein binds near the C-terminus of the F1 β-subunit  by Jackson, Philip J. & Harris, David A.
Volume 229, number 1,224-228 FEB 05625 February 1988 
The mitochondrial ATP synthase inhibitor protein binds near the 
C-terminus of the F 1 fl-subunit 
Philip J. Jackson* and Dav id  A. Harr is  
Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3Q U, England 
Received 30 November 1987; revised version received 8 January 1988 
The specific, mitochondrial ATP synthase protein (IF~) was covalently cross-linked toits binding site on the catalytic 
sector of the enzyme (F~-ATPase). The cross-linked complex was selectively cleaved, leaving IF~ intact o facilitate the 
subsequent purification of the F 1 fragment towhich IF1 was cross-linked. This fragment was identified by sequence analy- 
sis as comprising residues 394-459 on the F~ fl-subunit, near the C-terminus. This finding is discussed in the light of secon- 
dary structure predictions for both IF~ and the F~ fl-subunit, and sequence homologies between mitochondrial and other 
ATP synthases. 
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1. INTRODUCTION 
The mitochondrial ATP synthase (FrATPase) is 
the enzyme responsible for redox-driven ATP syn- 
thesis within the mitochondrion. Its activity, in 
both synthetic and hydrolytic directions, is in- 
hibited by a naturally occurring, intramitochon- 
drial peptide, IF~ [1], inhibition being complete at 
1 mol IF~/mol F1 [2]. Since IF1 is present in a 1 : 1 
molar ratio with F1 in bovine heart mitochondria 
[3], it seems likely that a considerable proportion 
of F1 exists complexed with IF~ in vivo. Prior to 
ATP synthesis, F1 must be activated by displacing 
the FI-IFx equilibrium towards free F1 [1], and this 
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displacement is promoted by the development of 
an electrical potential across the inner mitochon- 
drial membrane [5]. 
Like many regulatory peptides (calmodulin [6], 
troponin C [7], various peptide hormones [8]), IF1 
can assume a highly helical configuration with a 
superficial hydrophobic patch (an 'amphiphilic 
helix') [9]. Thermodynamic analysis [2] and dif- 
ferential abelling studies [10] have allowed us to 
identify the binding site for F1 as the hydrophobic 
patch on this amphiphilic helix. The binding site 
for IF1 on F1, however, is less well defined. It ap- 
pears, from cross-linking experiments, that inter- 
action is with the catalytic (6) subunit of F1 
[11,12], and so presumably this subunit provides a 
hydrophobic patch complementary to that on IF1. 
In the case of the ox heart system, this patch is ex- 
posed to the solvent only during ATPase turnover 
[2], and thus ATP hydrolysis promotes IF~ associa- 
tion with F~. 
The present work attempts to delineate further 
the site of F~ involved in IF1 binding. A zero-length 
cross-linker, EEDQ, is used to prepare a covalently 
linked IF~-B complex which is then fragmented us- 
ing CNBr. Since IF1 itself contains no methionine 
residues [13], subsequent isolation of all peptides 
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contain ing IF1 allows the pur i f icat ion of  the single 
(IF1-/] peptide) cross- l inked product ,  and the 
local isat ion o f  the IF1-binding site on the pen- 
u l t imate CNBr  pept ide (residues 394-459) close to 
the C-terminus o f  the #-subuni t  of  F~. 
2. MATERIALS  AND METHODS 
IF1 and F1 were prepared from ox heart mitochondria as 
described [12]. 125I-labeiled IF1 was prepared according to 
Power et al. [3]. Cross-linking of IF, to F~ was carried out 
essentially according to Klein et al. [11]. 0.6 mg (60 nmol) IFl, 
containing 125I-IFl, was incubated in 2 ml of 10 mM sodium 
phosphate buffer (pH 6.7) at 20°C. 15 mM MgATP was added 
and incubation continued for 20 min to allow complete com- 
bination between F1 and IF~. 3.75 mM EEDQ was then added, 
and the cross-linking reaction stopped after a further 30 min by 
the addition of 450 mM Tris base. 
This solution was freeze-dried and the residue dissolved in 
10 ml of 80070 (w/v) formic acid. After addition of 300 mg solid 
CNBr and incubation for 4 h [14], the mixture was freeze-dried 
and the residue dissolved in 2 ml of 6 M guanidine hydro- 
chloride. Peptides were separated by gel-permeation 
chromatography on a Sephadex G-50 column (1 x 95 cm) 
equilibrated with 0.5070 (w/v) NH4HCO3. 
Preparative SDS-PAGE was carried out as follows: 6 nmol 
peptide (estimated from 125I content) was applied as a band 
across a 150 x 150 x 1 mm slab gel comprising a 5-20070 gra- 
dient of polyacrylamide. The discontinuous buffer system of 
Laemmli [15] was used and electrophoresis took place at 150 V 
for 5 h. After eiectrophoresis, protein bands were localised by 
brief staining with Coomassie blue R250 and electroeluted from 
the gel into a dialysis sac as in [16]. The resulting peptide was 
dialysed first against 0A% (w/v) SDS in water (3 x 5 l over 2 
days) then against 5 l water (16 h) and freeze-dried. 
3. RESULTS 
The FI- IF1 complex was prepared,  and cross- 
l inked using EEDQ,  as descr ibed in section 2. In- 
c lusion of  a small fract ion o f  ~2~I-IF1 in this com- 
plex served as a tracer for I F rconta in ing  peptides 
in subsequent procedures.  The cross- l inked com- 
plex was cleaved using CNBr  and the pept ide 
f ragments ubjected to gel -permeat ion chromatog-  
raphy.  95°70 of  the radioact iv i ty eluted at 
molecular  masses lower than 20kDa ( f ig. la) .  
Fract ions containing the radioact ive peak (A) and 
subsequent 12~I-containing fractions (B) were pool -  
ed for further analysis. 
Fract ion A contained 84070 of  the appl ied radio-  
activity, while fract ion B contained 10070 radioac-  
t ivity but  over 50070 o f  the appl ied pept ide 
(measured at 220 nm). Their pept ide composit ions 
were analysed by SDS-PAGE.  F ig . lb  shows that,  
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Fig. 1. Gel-permeation chromatography of the CNBr-digested 
FrIF1 cross-linked complex on Sephadex G-50 (see section 2). 
Fractions A and B, identified on the eiution profile (a), were 
freeze-dried and redissolved in 1070 (w/v) SDS. 10 and 20/~1 
respectively were analysed by SDS-PAGE (5-20070 gradient of 
acrylamide; see section 2) together with 20/~g purified IF~ for 
comparison. The gel was stained with Coomassie blue R250 (b), 
and a corresponding immunoblot probed with rabbit anti-IF1 
antibody/peroxidase-linked goat anti-rabbit IgG (c). The ar- 
rows indicate monomeric and dimeric IF1 on the immunoblot a  
molecular masses of about 10 and 20 kDa, respectively. 
while fract ion B contains little pept ide mater ia l  o f  
molecular  mass greater than 10 kDa,  fract ion A 
also contains 2-3 major  bands of  molecular  mass 
above 10 kDa. Since IF1 has a molecular  mass of  
9.6 kDa [13], any putat ive IFl - f l  conjugate must be 
present in fract ion A.  
Immunoblot t ing  [12], fol lowed by staining with 
ant i - rabbit  IgG-peroxidase conjugate was used to 
ident i fy IFl-COntaining peptides on this gel (fig. 1c). 
Very little IF1 monomer  was present in either frac- 
t ion, presumably because excess F1 over IF1 was 
used in the cross- l inking step. As expected, frac- 
t ion B showed little evidence o f  I F rconta in ing  
peptides.  However,  two bands in fract ion A were 
stained by this procedure;  a faint band at 20 kDa 
( identif ied previously as IF1 dimer [12]) and a 
single major  band at 17 kDa. On the basis of  its 
molecular  mass and IF~ content,  this band was 
assumed to contain IF~ cross- l inked to some pep- 
t ide derived f rom F1, and was taken for further 
study. 
The peptides f rom fract ion A of  molecular  mass 
13-15 kDa do not contain IF~ (f ig. lc) .  They are 
presumably  derived directly f rom F1 by CNBr  
cleavage. It is notable that these peptides are 
unl ikely to be derived f rom the ~-subunit  of  F1, 
whose largest CNBr  pept ide has a molecular  mass 
o f  about  8 kDa; they are presumably  derived f rom 
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the ~r-, 7- and t~-subunits, each of which would 
yield (a) fragment(s) of > 11 kDa. 
The 17 kDa peptide was purified from fraction 
A by preparative SDS-PAGE, using a 1 mm thick 
polyacrylamide slab gel (5-20% gradient) as 
separating medium (see section 2). After electro- 
elution, exhaustive dialysis and freeze-drying, 
0.5 nmol of the peptide (as estimated from ~25I 
present) was taken for solid-phase sequencing. 
The results are listed in table 1. Firstly, it is clear 
that only one peptide sequence is obtained, derived 
from the F~ molecule. This is consistent with 
previous findings that the N-terminus of IF1 is 
blocked [9,20]. While this is disputed by some 
workers [13,21], even these groups report low 
yields of PTH-amino acids on sequencing IF1, 
possibly due to its possessing multiple N-termini 
[211. 
Secondly, the yields of amino add obtained are 
consistent with the amount of 17 kDa peptide ap- 
plied, an estimate of the repetitive yield of the se- 
quenator being about 90% from these values. This 
suggests that sequencing is indeed of the 17 kDa 
peptide itself and not of some minor contaminant. 
Finally, the sequence obtained can be located 
unambiguously as starting at residue 394 of the se- 
quence of the/3-subunit of bovine Fh as given in 
[14]. The cross-linked peptide thus contains that 
peptide designated CB11 by Runswick and Walker 
Table l 
PTH-amino acid yields from the sequence analysis of the 
17 kDa, IFrcontaining peptide 
Cycle PTH-amino acid Yield (pmol) Position i  
F~ ~-subunit [14] 
1 Asp 219 394 
2 Glu 466 395 
3 Leu 309 396 
4 Ser 178 397 
5 Glu 379 398 
6 Glu 366 399 
7 Asp 279 400 
8 Lys 149 401 
9 Leu 221 402 
10 Thr 151 403 
11 Val 163 404 
12 Ser 73 405 
0.5 nmol of the cross-linked peptide (17 kDa) was coupled top- 
phenylenediisothiocyanate-glass, and its sequence determined 
[18]. PTH-amino acids were identified by reverse-phase HPLC 
as in [19] 
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Fig.2. Helical plots of residues in the IFl-binding peptide. The 
spatial arrangement of residues 434-450 (LKETIKGFQQILAG 
EYD) on the bovine F1 ~-subunit, plotted as in [23]. Leu 434 is 
denoted by the asterisk and subsequent amino acids are spaced 
at 100 ° intervals. The hydrophobicity of a residue is represented 
by the length of the corresponding vector, positive hydro- 
phobicities being indicated by continuous lines and negative 
hydrophobicities bybroken lines. Only residues that contribute 
significantly to the amphiphilicity are shown. The hydrophobic 
moment of this helical segment is equal to 0.28. 
[14], the penultimate CNBr fragment of the ~- 
subunit. This is a 65-residue fragment which, taken 
with IF1, would yield a cross-linked peptide of 
17-18 kDa as observed in fig.1. It is concluded, 
therefore, that IF1 in its bound state can cross-link 
to (a) residue(s) between residues 394 and 459, 
close to the C-terminus of the/3-subunit of IF~. 
4. DISCUSSION 
The results described above indicate that, in the 
Fl-IF~ complex, IF1 lies in close proximity to (at 
least part of) the peptide comprising residues 
394-459 of the bovine 13-subunit. The use of sub- 
stoichiometric amounts of IF1, and the unambigu- 
ity of the sequence obtained (table 1), indicate that 
the interaction is specific and, indeed, that this 
region of F~ constitutes (at least part of) the bind- 
ing site for IF1. 
Secondary structure prediction [9] suggests that 
the C-terminal two-thirds of IF1 exists as an am- 
phiphilic helix, with a high hydrophobic moment. 
Application of the same techniques (using software 
provided by Dr E. Eliopoulos, Astbury Depart- 
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ment of Biophysics, University of Leeds) to pep- 
tide 394-459 of bovine F1-B (Geddes, A.J .  and 
Jackson, P. J . ,  unpublished) suggests that, as 
shown for the E. coli enzyme [22], the C-terminal 
region of  this peptide also very probably adopts a 
helical conformation, and a helical plot [23] in- 
dicates that the segment Leu 434-AIa 446 would 
possess a high hydrophobic moment (fig.2). No 
other section of this peptide shows both helical and 
amphiphilic properties (not shown). It is therefore 
proposed that the amphiphilic helix of IF1 packs 
against the amphiphilic helix corresponding to 
residues 430-450, near the C-terminus of the F~ B- 
subunit. This mode of packing has been proposed 
for a variety of inter-protein interactions [24]. 
The precise mode of action of IF1 is at present 
unknown. It may exert its effect by (i) sterically 
blocking the ATP-binding site of FI, (ii) (allo- 
sterically) blocking turnover on the subunit to 
which it binds or (less obviously) (iii) preventing 
the cooperative interactions between the three 
catalytic sites. From its site of binding (above 
residue 400), it seems unlikely that IF1 does in- 
terfere directly with nucleotide binding, which is 
thought to involve residues 156-162, 249-253, 
301-311, 199 and 368 [17]. Furthermore, the re- 
quirement of IF1 binding for ATP makes it unlike- 
ly that both bind to the same residues on the 
enzyme. However, since its unstructured N- 
terminal third (not considered in the model above) 
is required for inhibition by IF~ [25], an interaction 
of this protein with the active site of F~ cannot be 
completely ruled out. 
One surprising feature of our localisation of the 
IFx-binding site in the peptide 394-459 of the 
bovine B-subunit is that this region is very highly 
conserved between species. E. coil and the bovine 
enzyme show 53 out of 66 identities (and numerous 
conservative replacements) in this region [17]. In 
contrast, IF1, while inhibiting most species of 
mitochondrial F1, has no effect on bacterial or 
chloroplast systems ([26] and unpublished). The 
lack of action of IF1 on non-mitochondrial F1 led 
Walker et al. [22] to propose that IF~ bound at the 
N-terminus of the bovine B-subunit, a region 
which has no homologous egment in bacteria, in 
contrast to the conclusions here. The two pro- 
posals might be reconciled if the N-terminus of the 
B-subunit (known to be on the enzyme surface 
[17]) lies near the C-terminus in space. More likely, 
however, is that our proposed IFl-binding site is 
present in all species, but that the IF1-FI interac- 
tion is blocked in non-mitochondrial species by the 
(poorly conserved) tL or e-subunit. This view is 
supported by the demonstration [27] that the e- 
subunit of  E. coli (which inhibits ATP hydrolysis 
by this enzyme [28]) also binds close to the C- 
terminus of the B-subunit. 
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